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ABSTRACT  Distribution  ratios  of water-soluble  nonelectrolytes  have  been 
measured for two systems,  human red  bood cells/isotonic  saline and hemo- 
globin solutions/water. The results show that for these solutes there is a  signifi- 
cant amount of nonsolvent water associated with Hb. However, the amount of 
this nonsolvent water depends markedly on the temperature, as well as on the 
size,  sterie  configuration, and  functional groups  of the  probe  solutes.  The 
significance of the data is discussed. 
INTRODUCTION 
Several  lines  of evidence indicate  that  the  apparent  amount of functional 
water in red blood cells is less than the total intraceUular water content meas- 
ured  gravimetricaUy by drying  (14,  25).  This  discrepancy  is  generally as- 
cribed  to water hound  to hemoglobin and  other proteins.  Furthermore, it 
has been assumed that this water is not available for solution of solutes. How- 
ever, measurements of this "nonsolvent" water in red blood cells by different 
experimenters have led to contradictory results (6,  12,  19, 21, 23).  The pres- 
ent study was undertaken in order to examine in some detail the problem of 
nonsolvent water in human RBC and hemoglobin solutions. Water distribu- 
tion ratios of several hydrophilic nonelectrolyte probe solutes were measured 
in two systems; first, between RBC and isotonic saline, second between Hb 
solutions  and  water.  In  both  systems,  a  significant amount  of nonsolvent 
water was found, which was,  however,  markedly dependent on  the  probe 
solute used. A  reevaluation of the classical concept of bound water therefore 
seems to be indicated. 
EXPERIMENTAL  METHODS 
Ex~erirnents with RBC  Human blood was obtained from healthy young donors, 
using heparin (4 rag/100 g blood)  to prevent clotting. The plasma and buffy coat 
were removed by centrifugation and the packed red cells were washed four times in 
10 vol of isotonic saline (NAG1 140 raM, KC1 5.6 rnM, CaC12 2.0 raM, MgCI~ 1.0 raM, 
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and NaHCO~ 2.85 mu, pH 7.2). The experiments were carried out at 0.5°C (4-0.5°C) 
unless otherwise indicated. The packed washed RBC were mixed in a centrifuge tube 
with an equal volume of isotonic saline solution containing the probe molecule under 
study. After shaking from time to time for 2 hr to ensure diffusion equilibrium,  the 
suspension was centrifuged at  1500 g  for 1 hr. The equilibrium distribution ratio of 
the probe solute was then determined by measuring the dry weight and solute con- 
centration in both the saline solution and the packed RBC.  For accurate measure- 
ments of distribution ratios by ~this method, it is necessary to obtain identical samples 
of packed RBC. Although the amount of extracellular saline medium trapped in the 
RBC column is approximatively uniform under the present conditions of centrifuga- 
tion (4), it is known that the dry weight increases from the top to the bottom of the 
column (8,  13).  Since the probe solutes were generally volatile it was not possible to 
homogenize the packed cells before aliquots were taken. Therefore, the most accurate 
procedure was to use two tubes filled in the same way and spun together. After with- 
drawal of the supernatant saline, the top layer of cells (about 0.5  cm thick) was re- 
moved. The inner wall of the tube was cleaned with filter paper and all the remaining 
cells  collected.  The water  content was  determined  from one  tube,  and  the probe 
solute concentration from the other. 
Experiments with  Hemoglobin Solutions  Human  Hb  was  prepared  as  follows: 
Previously washed RBC were washed four more times with hypertonic saline solu- 
tion. 1 vol of these well-packed cells was thoroughly shaken with I vol of cold distilled 
water and  1 vol of ether. The mixture was kept overnight at 0.5°C and then centri- 
fuged in the cold at about 800g for 15 min. The lower layer of lib solution was centri- 
fuged once more in order to remove any remaining stroma or undestroyed ceils. The 
clear  Hb  solution  was  stirred  under  reduced  pressure  to  remove  the  ether,  and 
dialyzed against distilled water until salt-free. Distribution ratios were measured  by 
dialyzing Hb solution in small cellophane bags against water containing  the probe 
solute, and measuring the equilibrium concentration in both phases. To hasten equi- 
librium the solute was added in equal concentration to both sides. 
The dry weights of packed RBC, Hb solutions, and external medium were deter- 
mined  by drying at  105°C until constant weight was  attained.  Drying at this tem- 
perature results in a dry weight about 0.25 % less than that obtained at a temperature 
below  100°C.  However, this procedure was chosen for its reliability and rapidity. 
Probe solute concentrations were measured  chemically or by  liquid  scintillation 
counting  of the 14C-labeled compound.  The former method  was  used  for volatile 
solutes. Monoalcohols, acetone and dioxane were extracted  by quantitative distilla- 
tion and then oxidized by potassium dichromate in sulfuric acid, following an accu- 
rate procedure described elsewhere (11). In the concentration range of 0.5 to  1.0 g/ 
liter, the standard deviation of the measurements was -4-0.05 % in the most favorable 
case,  and  =t=0.2  %  in the most unfavorable.  For very low concentrations of volatile 
solutes as well as for nonvolatile ones,  14C-labeled  compounds were used.  Aliquots 
of the required  phase were mixed with  10 vol  of dioxane. After centrifuging,  1 vol 
of clear supernatant was mixed with  10 vol of Bray's solution and  the mixture  was 
counted  on a liquid  scintillation counter (Nuclear Chicago Corp., Des Plaines, Ill.). 
Quenching in the dioxane extract of the RBC or Hb solutions was accounted for, and 
found to be 8.0 -4- 0.5 % of the total efficiency. The recovery of radioactivity from the C.  M.  GARY BOnO  Nonsolvent Water in Human Erythrocytes  2549 
supernatant was > 99.5 %. The standard deviation of the solute concentration deter- 
mination was +0.5 %. 
The probe solutes used and some of their properties are listed in Table I. 
RESULTS 
Nonsolvent  Water in RBC  In a  suspension of RBC the intracellular  and 
extracellular  aqueous  media  are  in  osmotic  equilibrium.  Therefore,  it  can 
TABLE  I 
PHYSICAL-CHEMICAL  PROPERTIES  OF  PROBE  MOLECULES 
Molal volume 
0.50C  25°C 
Olive oil/water  Molar dielectric 
partition coefficient (15)  increment  (5) 
25°C  25oc 
ml/mole  mr/mole 
Methanol  39.5  40.1  0.0095  -- 1.35 
Ethanol  57.1  58.6  0.035  --2.55 
n-Pr  op  anol  73.3  75.5  0.115  -- 3.80 
sec-Propanol  75.0  76.9  0.095  --3.75 
n-Butanol  89.8  91.9  0.63  --5. I0 
see-Butanol  90.1  91.7  0.38  --5.00 
tert-But anol  93.1  94.9  0.22  --4.95 
tert-Pentanol  106.4  108.9  0.91  -- 
Ethylene glycol  55.1  55.9  0.00049  -- 1.80 
1,2-Propylene glycol  71.9  73.7  0.0057  -- 
2,3-Butylene glycol  --  86.6  --  -- 
Glycerol  --  73.0  0.00007  -- 2.60 
D-Mannitol  --  122.3  --  --2.60 
D-Glucose  --  115.3  --  -- 
Sucrose  --  215.5  --  --  7.50 
Acetone  7  I.  5  75.0  0.22  --  3.20 
Dioxane  84.0  85.6  --  --7.20 
reasonably  be  assumed  that  the  solubility coefficients of the  probe  solutes, 
relative to pure water, are the same in these two media, t Consequently, when 
a  probe  solute  is  in  diffusion  equilibrium  throughout  the  suspension,  this 
equilibrium  can  be  theoretically  described  as  C~  =  Co  or  C¢/Co  =  r  =  1, 
where  C~ and  Co  are  the  probe  solute  concentrations  in  g/1000  g  water  of 
RBC and  suspension medium respectively,  and  r  the distribution ratio  of the 
probe solute between the two aqueous media. 
It must be pointed out that such a relationship holds only if a  true thermo- 
dynamic equilibrium is reached, and not just a  steady state. The probe solute 
1 This assumption holds only for solutes, such as studied here, which are undergoing a  salting-out 
effect.  This effect depends essentially upon the ionic strength and only slightly upon the chemical 
nature of the salt involved  (17).  Therefore the difference  in chemical composition between intra- 
and extracelhilar media can be neglected. This could not be done with probe solutes undergoing a 
saltlng-in effect, which seems to involve more specific interactions. ~55o  THE  JOURNAL  OF  GENEI~AL  PHYSIOLOGY  •  VOLUME  5 °  •  1967 
must enter the cells by passive diffusion only, and must undergo neither modi- 
fication nor destruction within the cells. Since metabolic processes are known 
to be concentration-dependent,  the r values were measured at several concen- 
trations  for each probe solute.  For all solutes except two  (which will be dis- 
cussed below), r  was found  to be constant,  independent  of concentration  up 
to 0.1  M,  the maximum concentration  studied.  Furthermore,  the recovery of 
the total  amount of probe solute introduced  in the suspension was complete 
at  the  end  of the  experiment  (within  the  standard  error  of determination). 
It  can  be concluded  therefore,  that  no  major  metabolic  transformations  of 
the probe molecule had taken place. 
A  further assumption involved in the determination  of r values for red cells 
is that the solutes are lipid-insoluble. As shown in Table I, the oil/water par- 
tition coefficients indicate that the lipid solubility is not negligible for some of 
the  compounds.  However,  we may calculate  that  since  the  lipid  content  of 
RBC is low  (about 0.4 g/100 g  RBC),  this assumption  introduces no signifi- 
cant  error  (less  than  0.5%  for  the  tert-pentanol  r,  for  instance).  Finally,  in 
order to obtain true distribution ratio,  the probe solute must not be adsorbed 
on the RBC macromolecules.  Since the adsorption process is essentially con- 
centration-dependent,  the independence  of r  of concentration  provides good 
evidence that there is no adsorption. 
However,  the  values  of r  for  n-propanol  and  n-butanol  decrease  as  their 
concentration increases.  It seems that these solutes are adsorbed on the macro- 
molecules,  but  the  amount  of adsorbed  material  becomes  small  compared 
to the bulk concentration  when  the latter  increases.  This assumption  is con- 
sistent with the fact that we may describe the variation of r with Co by a rela- 
tionship  derived  from  the  Langmuir  adsorption  isotherm.  For  n-butanol 
(Fig.  1),  the best fitting equation  derived from  the data  (by trial  and  error) 
is: 
r  --  0.98 +  1/(2.3  +  Co) 
In  this  equation,  the  adsorption  isotherm  under  the  present  experimental 
conditions is described by the last term.  The first term,  0.98, gives the actual 
distribution  ratio  of n-butanol  between the two aqueous media which would 
be obtained as Co approaches infinity. 
A  similar  relationship  exists for n-propanol.  However, in  this case the ad- 
sorption process is smaller and r  becomes a  constant above 0.1  M. 
As  shown  by the  data  listed  in  Table  II,  the  r  values obtained  at  0.5°G 
are  always less  than  unity.  This fact suggests  that  a  fraction  of RBC water 
is not able to dissolve the partitioning  solute.  This nonsolvent water fraction 
is equal  to  (1  -- r)  per cent of the  total  water in  the cell.  According  to the 
assumption  that  this nonsolvent water is bound  to the macromolecular  con- 
tent  of the  cell,  it  should  be  expressed  with  respect  to  this  content,  which C.  M.  GARY  Bo~o  Nonsolvent Water  in Human Erythroaytes  255~ 
accounts for about 99% of the total RBC dry weight. Neglecting this small 
difference, and taking w/d  as the ratio of water to dry matter in the cell, we 
can define the nonsolvent water,  W.., in g/g RBC dry weight, for a  given 
solute and temperature as: 
(l  -  r)w/d  =  W., 
We shall see, in the discussion, the validity of this statement and of the related 
expression for the results. 
1.30 
1.20 
I.I 
0.98 
Z  r=Q98 + I/(2.3÷Co) 
I  I  I  I  ,J 
I0  20  3O  4O  50 
Co  mg/g 
Fmtn~ 1.  Variation of the distribution ratio r of n-butanol with its concentration  C 
in the outside medium in red blood cell suspension at 0.5°C. 
It should be pointed out that a  systematic error is introduced in the r cal- 
culation because of the presence of trapped extraceUular fluid in the packed 
cells. 
In our standard method of centrifugation the trapped extracellular water, 
as measured by mI-labeled albumin, amounted to 2.5  4- 0.5% of the total 
water content of the packed cell column. Therefore, if ~ is this amount, the 
actual value of r, roo~ is: 
too.  =  (r  -  ~)/(1  -  ~). 
Since  the r  values obtained never drop  below 0.89,  the difference between 
r  and roo,, is  very small: when r  =  0.89,  too,,  =  0.886.  This  difference lies 
within the experimental error and can be neglected. 
Table II shows that the r and  W,° values vary among the probing solutes 2552  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  "  VOLUME  5 °  "  I967 
TABLE  II 
WATER  PARTITION  COEFFICIENT  (r)  OF  PROBE 
MOLECULES  BETWEEN  RBC  AND  ISOTONIC  SALINE  SOLUTION, 
AND  NONSOLVENT  WATER  (W~e) IN  RBC  AT  0.5°C 
Probe molecule  r  Wn, 
gig RBG drywxeight 
Methanol  CHv-- OH  0.9624-0.004  0.0804-0.008 
Ethanol  CHr-CH2--OH  0.9454-0.002  0.1184-0.005 
CH2 
\ 
sec-Propanol  CH--OH  0.9204-0.003  0.1714-0.009 
/ 
CH~ 
CH~ 
\ 
tert-Butanol  CH~-- C--OH  0.8914-0.006  0.2264-0.013 
/ 
CH3 
n-Propanol  CH3--CH~--  CH2-- OH  0.98"  0.04* 
CHz 
\ 
see-Butanol  CHr-- CH~---CH--  OH  0.96  4-0.005  0.0814-0.01 
CH3 
\ 
tert-Pentanol  CHs-- CH~--C--  OH  0.9164-0.009  0.1754-0.02 
/ 
CH8 
n-Butanol  CHa-- CH  2---  CHz-- CHz--OH  0.98*  0.04" 
CH8 
\ 
Acetone  --CO  0.9344-0.004  0.1384-0.01 
/ 
CH8 
CH~--CH~ 
/  \ 
Dioxane  O  0  0.9134-0.05  0.1864-0.01 
\  / 
CH2~CH2 
For each probe molecule, the measurements  were carried out on five or six different blood sam- 
ples at four probe solute concentrations in each blood. Since there are no significant differences 
either  between the different bloods or  between the different concentrations, the  tabulated  r 
and W~8 values are means 4- sE of all the measured values. 
* Extrapolated  data.  For  explanation, see text. 
with molecular size  and  shape.  The monoalcohols studied  belong  to  three 
series,  differing in  their steric configuration. Taking the number of carbon 
atoms, n, as an index of size,  Fig.  2 shows that the change of W,8 with n is 
different  for  the  three  series.  Thus,  in  the  methyl-substituted  "carbinol" 
series,  methanol  (CH3OH),  ethanol  (CH3CH2OH),  sec-propanol  ([CHs]2- C.  M.  GARY P~)BO  Nonsolvent  Water in Human Erythroqtes  2553 
CHOH),  and tert-butanol ([CH313C OH),  the data accurately fit the relation 
(obtained by trial and error): 
W.,  =  0.048  -t- 0.028 n +  0.0042 n  2 
For the three alcohols of the "methyl-substituted propanol" series: n-propanol 
(CH3CH2CH2OH),  see-butanol  (CH3CH2CH[CH3JOH),  and  tert-pentanol 
0.2~ 
tert-  B'J~ 
O.~C  T/  I  DIOXANE 
sec-  PROPA  NOL//~  T 
/  /  O  T 
0.10 
~  HANOL  \\\\X\  se¢- 
1 
0"05  1  \\  n- PROPANOL \  -~//-- --- -~ n-BUTANOL 
]  i  i  I  ! 
I  2.  3  4  5 
n 
FIGu~ 2.  Va~adon of the nomqoivent  water Wn, in P~BC with the number n of carbon 
atoms of probe molecules.  Temperature, 0.5°C. 
(CHsCH~C[CH3]2OH),  the  IV,, values for a  given n  are always lower than 
the corresponding values in the first series. Furthermore, IV,, for tert-pentanol 
is smaller than that for tert-butanol in spite of the larger size of the former. 
Nevertheless, the increase of IV,, with n for this series is steeper, and 
IV,,  =  0.005  X  2". 
(Clearly a  quadratic  expression could also be  used here.  However,  this  ex- 2554  THE  JOURNAL  OP  GENERAL  PHYSIOLOGY  • VOLUME  50  •  Z967 
pression fits the data,  and the introduction of additional complexity adds no 
more significance.) 
The behavior of the n-alcohol series is different. W,, increases from metha- 
nol (0.08) to ethanol (0.118), but drops to 0.04 for n-propanol, and thereafter 
appears to remain constant as n increases. It is impossible to obtain worthwhile 
data for n-alcohols above butanol,  because of their high lipid solubility and 
adsorption. However, experiments with several n-alcohols at the same thermo- 
dynamic activity  (0.2)  in  the suspension,  gave increasing r  values:  1.02  for 
butanol,  1.27  for pentanol, and  1.67  for hexanol. These results are consistent 
with  Traube's  rule  of increasing  adsorbability  with  increasing  number  of 
CH~ groups. 
From 0.5 °  to  37°C,  W,,  depends markedly on  temperature  (Table  III). 
Fig.  3  shows  that  W,,  decreases  with  increasing  temperature; for monoal- 
TABLE  III 
TEMPERATURE  EFFECT  UPON  W.°  IN  RBC 
Probe molecul~  0.5°C  *  4°C  20°C  25°C  37°C 
Methanol  0.080q-0.008  0.0734-0.007  0.0424-0.008  0.0374-0.01  0.0104-0.01 
Ethanol  0.117-4-0.005  --  0.0384-0.006  0.028-4-0.008  0.005fl:0.01 
zec-Propanol  0.171-1-0.005  0.1304-0.008  0.0404-0.008  0.024-4-0.010  0.0004-0.01 
tert-Butanol  0.226-4-0.013  0.160=/=0.015  0.042-4-0.015  0.0304-0.015  0.0054-0.01 
Acetone  0.1384-0.01  0.100-4-0.010  0.0104-0.010  (15°C)  0.004-0.02  -- 
Dioxane  0.1864-0.01  0.1524-0.010  0.110+0.010  --  0.080o-0.01 
Values are means -4- sE of six individual determinations. 
* Same values as in Table II. 
cohols the higher the  W,8  value at 0.5°C,  the greater this  drop.  Thus  W,, 
measured with the alcohols is only 0.04 at 20°C,  and at 37°C  it seems that 
all the red cell water is solvent for these solutes. 
This temperature effect is not an artifact due to cell damage. It is reversible, 
as  shown  by  the  following experiment:  the  same red  cell  suspension,  con- 
taining  either  ethanol  or  dioxane,  was  kept  successively for  1  hr  at  0.5 °, 
20 °,  0.5 °,  37 °,  and  finally at  0.5°C  again.  The  W,,  values measured  at  a 
given temperature are the same whatever the previous treatment of the sus- 
pension  (Table IV). 
There are two more experimental points of interest in these measurements. 
First,  the  trends  shown  by the  W,8  values for  the different solutes  are not 
dependent on the presence of an alcoholic group.  Table  II and Fig.  2  show 
that for acetone and dioxane there is a  similar size dependence. Nevertheless, 
the  W,, results for these two compounds are somewhat different from those 
for the alcohols,  especially with respect to their variation with temperature 
(Table  III  and  Fig.  3).  As  the  temperature increases,  W,,  for acetone de- C.  M.  GARY BOBO  Nonsolvent Water in Human Erythrocytes  2555 
creases  so much  that  at  20°C  it becomes zero.  On  the  other  hand,  the de- 
crease of the dioxane  W,~ is small,  and  the value remains  important  even at 
37°C. 
Second,  the probe solutes do not compete with one another for cell water. 
In experiments in which  two solutes were added  together  to the cell suspen- 
0"25  i 
•  Htert  -BUTANOL 
C)---(~)  sec-  PROPANOL 
ETHANOL 
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020F \  X  ×  ACETONE 
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m 
CE 
el) 
¢n 
0,15 
Q05 
OI  i  i  I  i  I  i  i  A 
5  EO  t5  20  25  3o  35 
TEMPERATURE °G 
FIGURE 3.  Temperature  dependence  of nonsolvent  water  (Wns)  in  RBC  for  mono- 
alcohols, acetone, and dioxane. 
sion,  the  W,,  values were found  to be within experimental  error,  similar  to 
those  obtained  when  only  one  partitioning  solute  was  present.  Thus,  W,, 
for ethanol  was previously found  to be 0.118  ±  0.005.  When  tert-butanol  is 
added in a concentration of 0.02 M to a  suspension containing 0.01  M ethanol, 
W,~  is  0.120  (average  of three  determinations).  In  the  presence  of acetone 
under  the  same  conditions  W,8  is  0.116.  There  is  no  significant  difference 
between these results. Similarly,  W,~ for tert-butanol  measured in the presence 
of ethanol  is 0.236,  and  with dioxane 0.221.  These values are indistinguish- ~556  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  • VOLUME  5  °  • I967 
able from  the  W,,  of 0.226  ±  0.013  measured  when  tert-butanol is  present 
alone in the suspension medium. 
Nonsolvent  Water in  Hemoglobin Solutions  In  these  experiments  probe 
solute distribution ratios were measured between a  pure hemoglobin solution 
and water in equilibrium  across a  dialyzing membrane.  If C~ and Co are the 
equilibrium solute concentrations in g/1000 g of water in the hemoglobin and 
the  outside  water  solutions  respectively,  the  distribution  ratio  r  is  given,  as 
before, by Ci/Co. 
Here  again,  the  r  values were measured  at  several  solute  concentrations, 
and were found to be independent of this parameter.  It seems obvious in such 
a  simple  nonbiological,  salt-free  system,  that  any  departure  of r  from  unity 
TABLE  IV 
REVERSIBILITY  OF  TEMPERATURE 
UPON  W..  IN  RBC 
EFFECT 
Successive  temperatures 
Probe ~olut¢  No. of experiment  0.5°C  20"C  0.5"C  37°C  0.5°C 
1  0.116  0.025  0.116  --0.003  0.116 
Ethanol  2  0.118  0.041  0.119  0.008  0.116 
3  0.123  0.048  0.119  0.010  0.122 
Average  0.119  0.038  0.118  0.005  0.118 
1  0.178  0.090  0.182  0.053  0.174 
Dioxane  2  0.183  0.109  0.189  0.081  0.190 
3  0.191  0.116  0.190  0.094  0.191 
Average  0.184  0.105  0.187  0.076  0.185 
must be ascribed  to hemoglobin  "bound"  water.  Thus,  as for RBC, we may 
express the nonsolvent water as: 
w.~  =  (1  -  r)w/g, 
where w/d is  the  ratio  of water  to dry Hb content of the Hb  solution.  For 
this system,  W,~ was measured for monoalcohols,  diols,  polyols, glucose, and 
sucrose.  The  results  are  summarized  in  Table  V.  In  each  series  there  is  a 
general  trend  of increasing  W,, with increasing  number,  n,  of carbon atoms. 
Fig.  4  shows  that  the  number  of OH  groups  has  a  marked  effect  on  this 
trend.  For  the  monoalcohols,  methanol,  ethanol,  sec-propanol,  and  tert- 
butanol,  the data fit the relation: 
W,,  =  0.06 -b 0.035 n -k 0.004 n  2 
The  results  are quite similar  to  those obtained  with red cells.  However,  the 
W,,  values  are  slightly,  but  significantly  greater.  The  fact  that  W,~  values 2557 
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TABLE  V 
IV.0 IN HEMOGLOBIN SOLUTIONS 
-r" 
0.5°C  25.0°C 
g/g m  g/g m 
Methanol  0.105 4-0.005  0.0294-0.007 
Ethanol  0.143-4-0.005  0.062-4-0.005 
see-Prop  anol  0.205 4-0.005  0.089 4-0.008 
Urt-Butanol  0.2764-0.01  0.1234-0.01 
Ethylene glycol  0.1284-0.005  0.1204-0.005 
Propylene glycol  0.1604-0.008  0.1404-0.007 
2,3-Butylene glycol  0.1944-0.007  0.1614-0.010 
Glycerol  0.1374-0.015  0.1324-0.01 
v -M annitol  0.153 4-0.015  0.152 4-0.01 
D-Glucose  0.0004-0.01  0.0004-0.015 
Sucrose  0.0804-0.01  0.082 4-0.040 
Values are means -4- sE of six individual experiments. 
for red cells are calculated  on a  total dry weight basis,  instead  of only on the 
Hb  weight  cannot  account  for  this  discrepancy.  As  the  Hb  content  of red 
cells is more than 98°~  of their  total dry weight,  the difference between  W,, 
in RBC, calculated on the total dry weight basis and the dry weight basis for 
Hb  only is very small. The latter value remains lower than the corresponding 
W,,  for  the  Hb  solution.  The  difference  seems  to  be due  to  the  presence  of 
0.30 
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O. 20 
0.15 
o.ld 
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salts  in  the red cell medium, while the Hb  solution is salt-free.  Further ex- 
periments are required to  study the effect of ionic strength on  W,,. 
For  the "diols,"  ethylene glycol,  1,2-propylene glycol,  and  2,3-butylene 
glycol, the  W,8 increase with n becomes linear: 
W~8  -  0.06  +  0.035  n 
For  the  "polyols,"  including  ethylene glycol,  glycerol,  and  mannitol,  the 
increase with n is very small and the experimental results could be fitted by: 
W,8  =  0.06  +  0.035 n -- 0.003 n  2 
In this equation, however, when n  >  8, the predicted W,, value would begin 
to decrease. This point requires further investigation.  As with red cells,  in- 
crease in temperature leads to a  decrease in  W,,  (Table V) but, in this case, 
TABLE  VI 
INDEPENDENCE  OF  Wn~  OF  THE  Hb  CONCENTRATION 
Wn8 
Hb concentration in solution  se¢-Propanol  tert-Butanol 
g/ lOO g water  gig lib  gig tlb 
8.5  0.2OO  0.282 
17.0  0.206  0.271 
24.0  0.201  0.279 
Values are the  average of three  different experiments  carried  out at 0.5°C 
(± o.5°c). 
the change is smaller. Thus at 25°C, the increase in  W,, with n is still signifi- 
cant for the monoalcohols.  For  the diols,  the  temperature effect is  smaller, 
and the polyol  W,~ values seem to be unaffected by temperature, as is true 
for glucose and sucrose. 
DISCUSSION 
Several formal conclusions may be drawn from these results. The  W,8  values 
expressed in g  water/g hemoglobin, for both red cells and hemoglobin solu- 
tions are practically the same, for a given solute and temperature.  Therefore, 
the  amount  of nonsolvent water  is  not  determined by  either  some  special 
properties of the cellular medium, or by the organization of the hemoglobin 
in the cell. Furthermore, the IV,, values are independent of Hb concentration, 
as shown by the data in Table VI, which were obtained using Hb solutions 
and the two solutes sec-propanol and tert-butanol.  The results strongly suggest 
that the W=, values are related exclusively to "hydration" of the Hb molecule. 
This general term hydration refers only to the fact that Hb is liable to interact C.  M.  GARY BOBO  Nonsolvent Water in Human Erythrocytes  ~559 
with water, by chemical or physicochemical interactions, leading to a more or 
less firm attachment of water to Hb,  and,  probably,  to a  modification of its 
properties.  W,~  was  independent of solute  concentration.  Therefore,  there 
appears to be no specific interaction between solute and Hb, and the presence 
of the probe solute does not perturb the Hb-water interaction. Furthermore, 
we may conclude that  the amount of nonsolvent water  in  these systems is 
independent of the water activity over most of the range studied.  In fact, in 
these experiments,  the  water  activity never dropped  below  0.90;  however, 
there is evidence from measurements of water vapor adsorption on proteins 
(3) that the amount of water that can be adsorbed by Hb depends critically on 
water activity in the range 0.9 to 1. The independence of W,, of water activity 
can be explained by the assumption that the nonsolvent water measured for a 
given solute is not equal to the total hydration water, but only to a  fraction 
which still remains in the activity range investigated. 
The  most  striking  feature  of the  present  results  is  the  variation  of  W,s 
with the nature of the probe solute used for the measurement. This finding 
can  explain  the  contradictory conclusions drawn  by  several  experimenters 
from the data obtained with different probe solutes.  Parpart and ShuU  (23) 
found that 300-/0 of red cell water was nonsolvent water for glycol and glycerol. 
This measurement was severely criticized on technical grounds by McLeod 
and  Ponder  (19)  who  repeated  the  measurements,  and  found  all  the  cell 
water to be solvent water. Actually, the present data on Hb solutions show 
that the r value for glycerol in RBC suspension must be about 0.965  (W,,  = 
0.12  g/g  Hb).  This  small  deviation  of r  from unity would  not  have  been 
detectable by McLeod and Ponder since their values for glycerol ranged from 
0.9 to 1.1.  Hutchinson (12) using methanol, ethanol, and n-butanol as probe 
solutes, concluded that there was no nonsolvent water in red cells. The fact 
that  the r  values for n-butanol are greater than  unity confused the investi- 
gator, who did not take into account the adsorption of n-butanol on the red 
cell macromolecules. On the other hand, the present result for glucose in Hb 
solution is consonant with the finding of Miller  (21)  who found that aU the 
red cell water was solvent for this solute. 
It  seems that  there  are  a  number  of variables  that  must  be  taken  into 
account when dealing with  the  question  of nonsolvent water.  The  present 
data can hardly be interpreted in terms of a  simple "bound water" concept, 
as long as the water bound to the protein is assumed to be a  definite entity, 
unable to dissolve solutes whatever they may be.  This bound water concept 
is based upon an oversimplification of the hydration phenomenon. As pointed 
out by Edsall  (9),  this  phenomenon is very difficult to define, because  the 
hydration of a  protein involves various types of interactions and forces. Any 
definition of hydration must be related to some method of measurement if it 
is  to mean anything  (22).  The nonsolvent water is no more than  a  purely ~56o  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  5 °  •  t967 
methodological definition, a  working way of expressing experimental results, 
which are to be interpreted. 
Even a  translation in nonsolvent water term of the experimental r  data is 
questionable.  The statement that any departure of a  distribution ratio from 
unity must  be  ascribed  to  Hb  hydration  can  be  criticized.  This  statement 
does  not  include  the  possibility  that  the  activity  coefficients of  the  probe 
solutes have different values in  pure water and  in  the Hb  solution.  It is of 
interest in this connection to consider whether the Hb exerts a  simple "salt- 
ing-out"  effect. We may compare the r  values for a  given solute in the Hb 
system with the distribution ratio,  K,  of this solute between, for example, a 
sodium chloride solution and water (this K value can actually be determined 
experimentally using  a  third  immiscible phase  (17)).  The  salting-out effect 
leads to K values for nonelectrolytes such as the monoalcohols which are less 
than  unity.  According to Debye's  theory for  a  given  salt  concentration, K 
depends  almost  exclusively on  the molar  dielectric increment  (-6)  of the 
nonelectrolytes of interest.  Table  I  shows that  the increment  (--6)  is prac- 
tically the same for different isomers of a  given alcohol, depending only on 
the volume of the hydrocarbon part  of the molecule,  and  not  on its  steric 
configuration. For the same reasons  (-6)  varies only slightly with tempera- 
ture between 0 °  and 40°C  (16).  Thus,  the related K  values do not depend 
upon  the temperature of the system, and are the same for different isomers 
such as n-propanol and sec-propanol, or the various butanols.  On  the other 
hand,  r  values vary widely with  temperature,  and  different results  are  ob- 
tained with different isomers. Therefore, it appears that r and K are governed 
by  different laws,  and  that  the  nonsolvent  water  phenomenon  cannot  be 
compared to a  salting-out effect taking place in a  homogeneous solution. 
There is considerable experimental evidence to demonstrate the binding of 
water by hemoglobin  (2,  3,  26).  It seems reasonable therefore to treat a  Hb 
solution as two phases,  a  "free water" phase and a  "hydrated hemoglobin" 
phase. It appears that the probe solutes can penetrate this latter phase and the 
present experimental results give some insight into the mode of this penetra- 
tion. First, since W,, is strongly dependent on the size and steric configuration 
of the probe solute, it is of interest to compare the behavior of Hb in solution 
to that of molecular sieves. In fact, the W,, data appear to be very similar to 
the data obtained with chromatographic processes on porous materials,  even 
minerals, such as the silica gel studied by Dalton,  McClanahan,  and Maat- 
man (7) or the zeolites studied by Barrer (1). Barter showed that the straight 
chain hydrocarbons, whatever their length, can be adsorbed in the tiny pores 
of the zeolite. However, the molecular dimensions of the branched hydrocar- 
bons do not allow them to penetrate into the pores, and the reverse effect of 
exclusion takes place. A  strikingly similar effect is exhibited by Hb solutions, 
where the W,~ values depend more upon the steric configuration of the probe C.  M.  GARY BoBo  Nonsolvent  Water  in Human Erythrocytes  256i 
solutes than upon their size.  Thus, in RBC,  W,8  is greater for sec-propanol 
than for n-propanol.  For the isomers of butanol,  W,8 increases in the order 
n-butanol  <  sec-butanol  <  tert-butanol.  In the series  of n-primary alcohols, 
IV,, increases from methanol to ethanol, and then remains constant (actually 
at a  lower value than for methanol itself) with increase in the chain length. 
A linear increase of the hydrophobic moiety does not prevent the penetration 
of these molecules into  the  "porous"  structure of the hydrated Hb  phase. 
Instead, the longer the chain length, the greater the adsorption on the Hb, 
and the less the effective W,, value. On the other hand, each addition of a 
CH3 group on the same carbon bearing the OH group leads to a decrease in 
W,~, since the bulkier molecules are less and less able to penetrate the pores. 
A  good deal of evidence, however, does not agree with this interpretation 
of the data. A sufficiently stable three dimensional network is required to pro- 
vide a  molecular sieving effect. Such a  network might exist in red cells,  in 
which Hb is very highly concentrated, but not in more dilute aqueous solu- 
tions in vitro, especially as W,, is not Hb  concentration-dependent. Also,  if 
we are really dealing with molecular sieving, the critical parameter would be 
the relative magnitude of the effective molecular radius and of the pore radius 
of the network. The chemical nature of the probe solutes would have only a 
very slight effect. Such is not the case for Hb  solutions.  It appears from a 
comparison of W~8 values for mono-, di-,  and polyols  (Table V),  that the 
data depend upon the number of hydroxyl groups in the probe solute. The 
equations found from the experimental data, relating W,, and the number n 
of the carbon atoms, differ for the three series,  only in the coefficient of n  2. 
This is positive for the monoalcohols, zero for the diols,  and negative for the 
polyols. Thus, as more OH groups are added to the probe solute, the change 
of W,8  with n becomes less important. For the three solutes with 3  carbon 
atoms  and  approximatively the  same volume,  W,8  decreases in  the  order 
sec-propanol  >  1,2-propylene glycol  >  glycerol. Here the effect of the num- 
ber of OH groups is so important that it greatly exceeds the size effect. The 
difference between W,, for mannitol  (0.153)  and ethylene glycol  (0.128)  is 
very small as compared to the difference in size. 
The situation is quite different in a  true molecular sieving system, such as 
the tightly linked dextran gel studied by Marsden (18).  It appears from the 
data of this author, that the mono-, di-, and polyol-excluded volumes in the 
gel, though different with the number of OH groups, are mainly determined 
by their molecular volumes. 
The importance of the number of the OH groups in determining W,, values 
strongly suggests that water-OH group interaction, that is the water solubility 
of the solutes, is involved in their penetration into the hydrated Hb  phase. 
More sophisticated assumptions are therefore required to take into account 
both the steric and the hydrogen-bonding effects. Because of the close prox- 2~2  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  5 °  •  1967 
imity of the protein surface, the water in the hydrated Hb phase is in a highly 
and  strongly ordered  state.  Thus  the penetration  of probe  solutes into  this 
phase depends upon their ability to fit into the water structure lattice. Paterson 
and Spedding  (24)  ~  have shown that  the alcoholic oxygen atom can replace 
the oxygen atom of water in the lattice,  although this process leads to some 
disorder  in  the  structure.  Because  of  this  "structure-breaking"  action,  a 
hypothetical distribution ratio of alcohols between the hydration water of Hb 
and  the surrounding free water would  be  less  than unity even for polyols. 
However, an increase in the number of OH groups in such molecules parallels 
an increase in  size.  Therefore, this distribution  ratio would be only slightly 
affected by the molecular volume. The data show that for polyols W,, is small 
and practically independent of size; for glucose,  W,,  =  0,  probably because 
of the favorable configuration of this molecule. 
The situation is much more complex in the case of the monoalcohols. It is 
known that even pure aqueous solutions of polyols or sugars, though far from 
ideal,  do not exhibit such anomalous properties as those of the monohydric 
alcohols.  For  these compounds,  while the OH  group can fit into  the water 
lattice,  the hydrocarbon chain can only fit in the "holes" of the lattice (10). 
The marked volume contraction associated with the adsorption of water on 
proteins  (20)  demonstrates that the hydration water is probably in a  closely 
packed state, in which the creation of a cavity is somewhat more difficult than 
in water (27). Thus for each CH, group added to the alcohol the difficulty is 
greater in penetrating the hydration water of the Hb,  giving an increase in 
W,a. However, it is conceivable that for n-alcohols, the flexible narrow chains 
can overcome this effect by expanding through several water clusters. Also, 
a  factor of some importance is the ability of these molecules to orient them- 
selves towards the hydrophobic regions of the Hb surface, as well as towards 
other molecules of the same kind. This would increase the apparent solubility 
in the Hb phase. On the other hand, for branched chain alcohols, accumula- 
tion  of CH,  groups  on  the carbon  which carries  the OH  group,  as  in  tert- 
butanol, gives a  screening effect, which makes linkage of the OH group with 
water more difficult. Both these effects could explain the "molecular sieving" 
phenomenon exhibited by the Hb solutions.  Furthermore, a  rise in tempera- 
ture would loosen the water structure around the Hb surface, and facilitate 
the penetration of the monoalcohols.  Hence,  we observe a  decrease in  W,, 
with increase in temperature.  * 
From this viewpoint, the solubility of the monohydric alcohols in the hydrated Hb phase would 
decrease in the order: n-propanol  >  sec-propanol, and n-butanol  >  see-butanol  >  tert-butanol.  It 
is of interest to note that the water solubility of these alcohols decreases in the reverse order. This 
contradiction is only apparent. Water solubili  W reflects the properties of the saturated solution, that 
is, it depends not only on the water-alcohol interaction but also on the alcohol-alcohol interaction. 
The present experiments were carried out in dilute solution so only water-alcohol interactions are C.  M.  GARY BOBO  Nonsolvent  Water  in Human Erythroqtes  2563 
Whatever  the  assumptions  about  the  mechanisms,  which  require further 
experiments and discussion,  the present data demonstrate that the hydration 
of a protein in water does not lead to an impermeable shell around the pro- 
tein surface. The IV,, measurements, of course, are not able to give any infor- 
marion about the absolute amount of water involved in the hydration process. 
But,  indeed,  it is doubtful  that any kind of measurement can  provide  such 
information since the water of hydration is probably attached to protein with 
varying  degrees of firmness,  according  to the nature of the interactions and 
the  distance  from  the  protein  surface  (22).  The  hydration  may  affect  the 
properties of water to quantitatively different degrees.  The variations of W,, 
values  seem  to reflect these various  possibilities.  The nonsolvent water type 
of measurement is very flexible, and may be applied to every kind of protein 
in a very large variety of physicochemical conditions.  It seems therefore, that 
this method can provide useful information about the water-protein interac- 
tion as well as the solute-protein interactions. 
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